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In spite of the prospect of most Russian butadiene rubber plants switching to neodymium catalysts, according to data of the Sintezkauchuk Association, in 2010 up to 40% of the polybutadiene produced in Russia was synthesised using titanium catalytic systems. The microheterogeneity of most titanium catalysts results in energy non-equivalence of the macromolecule growth centres on the surface of the catalytically active particles [1] . This promotes the formation of an active centre reactivity distribution (kinetic inhomogeneity), which is manifested by the synthesis of macromolecules with a wide set of molecular weights.
The aim of the present work was to study the laws governing the polymerisation of butadiene of mixed microstructure on fractions of microheterogeneous catalyst TiCl 4 -Al(i-C 4 H 9 ) 3 differing in the size of the catalytically active particles.
The preparation of the catalytic complex, its fractionation by sedimentation, and the polymerisation of butadiene were carried out in an atmosphere of dry purified argon, which eliminates deactivation of the catalyst under the action of air and moisture. The catalyst was prepared by mixing toluene solutions of TiCl 4 and Al(i-C 4 H 9 ) 3 in a 1.3 Al:Ti molar ratio, which corresponds to maximum activity and stereospecificity during butadiene polymerisation. Exposure of the catalytic complex was conducted at 0°C for 0.5 h during constant mixing. After preliminary exposure, the catalytic complex was divided into fractions of particles of different size by sedimentation in a gravitational field. With variation in the precipitation time and in the level of sampling over the height of the measuring cylinder, from the catalyst suspensions five fractions containing particles of certain size were isolated ( Table 1 ). The size distribution of the catalyst particles in each fraction was determined by laser diffraction/scattering on a SALD-7101 instrument (Shimadzu), with subsequent estimation of the average diameter.
On the isolated fractions of titanium catalyst particles, after correction of the catalyst concentration in terms of TiCl 3 dry residue, the polymerisation of toluene solutions of butadiene was carried out in ampoules of 10 mL volume at 25°C with constant mixing. The catalyst and monomer concentrations were 5 mmol/L and 1.5 mol/L respectively. The polybutadiene yield was determined by the gravimetric method. The molecular weights and the molecular weight distribution (MWD) of the polymer were determined by gel permeation chromatography on a Waters GPC-2000 instrument. IR spectra of films (on NaCl glass) obtained from toluene solutions were taken on a Shimadzu spectrometer in the region 600-1100 cm
. As analytical bands, use was made of 740, 910, and 970 cm −1 absorption bands corresponding to the presence in the butadiene part of the copolymer of cis-1,4-, 1,2-, and trans-1,4-units respectively. The optical densities of the analytical bands were determined by the baseline method.
With the increase in the diameter of the titanium catalyst particles, the polymerisation rate of butadiene changes extremally, reaching maximum values for fraction III of particles with an average diameter of 0.51 µm ( Table 1 ). The catalyst, represented by coarse (fraction I) and fine (fraction V) particles, exhibits considerably lower activity. This indicates that the concentration of active centres and/or their reactivity depend non-linearly on the specific surface of the microheterogeneous catalyst. The dependence of the polybutadiene yield on the polymerisation time is described by the equation:
where k g is the chain growth rate constant, C a is the concentration of active centres, and t p is the polymerisation time.
It is evident that the catalytic activity of different fractions of the catalyst is governed by the chain growth rate constant and by the concentration of active centres. Assessment of the influence of the particle size of the catalyst on the indicated kinetic parameters was possible by analysing the change in the average molecular weights of polybutadiene [2].
On the coarsest particles (fraction I), high-molecularweight polybutadiene is synthesised (Figure 1) . With increase in the conversion, the weight-average molecular weight increases and reaches values of the order of ~10
6
. As regards the number-average molecular weight, there is a decrease in its value with increase in the conversion, albeit insignificant. A general trend was found whereby a reduction in the size of the particles of titanium catalyst led to a reduction in the level of the average molecular weights.
During polymerisation on fractions I and II, the MWD of polybutadiene is broadened from 2 to 5.6 and 4, respectively, on the achievement of a 20% conversion (Figure 2) . With reduction in the diameter of the particles on which the polymerisation of butadiene takes place, the degree of conversion expansion of the MWD decreases. The breadth of the MWD of polybutadiene produced on fine particles (fraction V) is similar to the theoretical Flory distribution (M w /M n = 2) for the entire duration of the polymerisation process.
A possible cause of broadening of the MWD during the synthesis of polymers by ionic coordination polymerisation is the presence in the reaction mixture of several types of active centre [3] . As a result of solving the inverse problem of the molecular weight distribution [4] , the kinetic inhomogeneity distributions of active centres were obtained for different fractions of the titanium catalyst (Figure 3) . Each maximum on the curve of distribution corresponds to at least one type of active centre producing a polymer fraction of certain molecular weight. For fraction I of the catalyst, represented by coarse particles, with increase in the conversion there is a change in the number of maxima on the curve of the kinetic inhomogeneity distribution on account of the appearance of peaks in the high-molecular-weight region. In this case, polymerisation begins at centres synthesising a polymer fraction whose molecular weight amounts to ln M = 11.3. Subsequent increase in the conversion leads to the appearance of peaks on the curve of the reactivity distribution in the region ln M = 13.1 and 14.2, corresponding to centres at which a highermolecular-weight fraction of the polymer is formed. A similar tendency is characteristic of the polymerisation of butadiene on fraction II of the catalyst, but with a smaller contribution of the centres producing high-molecularweight polybutadiene, which results in a reduction in the average molecular weight. For fractions III to V, the catalytic system is represented by one type of centre for the entire duration of polymerisation. There is a shift in the active centre distribution towards occurrence of the process, in which case a polymer with a low molecular weight is formed.
As a result of calculating the kinetic parameters of polymerisation of butadiene, it was shown that the concentration of polymerisation centres depends extremally on the diameter of the particles. Particles with a size of the order of 0.4-0.8 µm are most saturated with polymerisation-active titanium-carbon bonds (Figure 4) . Particles of the titanium catalyst with a greater or smaller diameter contain much fewer active centres. With increase in the diameter of the catalyst particles, the rate constant of chain growth increases monotonically.
The content of cis-1,4-and trans-1,4-and 1,2-units in polybutadiene does not depend on the particle size of the titanium catalyst. During polymerisation, on all the isolated fractions, polybutadiene with a content of cis-1,4-units of 75-80% and a content of trans-1,4-units of 18-23% is synthesised, the 1,2-units accounting for 1-2%. These results make it possible to assume that the ratio of the growth rate of the polymer chain to the rate of anti-syn isomerisation is the same for all active centres located on particles of different fineness.
Thus, the use of a microheterogeneous titanium catalyst containing fractions of large-sized particles (8-50 µm) with a comparatively low polymerisation rate leads to the production of high-molecular-weight polybutadiene with a broad molecular weight distribution. Fractions of the catalyst with an average particle size of 0.3-7.5 µm are most active in the polymerisation of butadiene, and in this case a polymer with lower molecular weights is formed. On the finest particles (30-95 nm), with a low polymerisation rate, low-molecular-weight polybutadiene with a narrow molecular weight distribution is formed. The relationships established make it possible to develop methods for influencing the polymerisation rate of butadiene and its molecular characteristics by preliminary modification of the fineness of the macroheterogeneous titanium catalyst. 
